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Introduction
Akt is a signaling modulator for many cellular processes, including metabolism, cell proliferation, cell survival and cell growth (1) . Three isoforms of Akt have been identified: Akt1, Akt2 and Akt3.
Several studies have shown that Akt status influences the prognosis of breast cancer patients, but only a few are concerned with potential isoform-specific roles and there are conflicting results. A study on transgenic mice showed that Akt2 was a protective factor against tumor induction, whereas Akt1 had the opposite effect (2) . Another study in mice showed that Akt2 promoted metastases, whereas Akt1 impaired metastases (3). This indicates not only that the different isoforms may have different functions, but also that the same isoform can take both protective and destructive roles possibly depending on the stage of breast cancer development. Studies on the potential different roles of the Akt isoforms have been reviewed (4) . Activated Akt (pAkt) has been associated with up to 40 % of breast cancers (5) . The mechanisms behind enhanced Akt phosphorylation are several, including HER2 amplification, PI3K mutation and PTEN loss (4) . Most results suggest that pAkt correlates with poor prognosis (6, 7) and is associated with other aggressive prognostic factors, such as HER2-positivity and lymph node positive breast cancer (8) . In a recent study, activated Akt1 was shown to drive progression in early breast cancers, whereas activated Akt2 may reverse this effect in cases where both Akt1 and Akt2 are activated (9) .
Although pAkt expression is more closely related to Akt1 than to Akt2 in breast cancer (8, 10, 11) , it has been reported that Akt2 is also frequently upregulated in HER2-positive breast tumors and may contribute to tumor aggressiveness (12) . However, recent studies have shown that overexpressed Akt2 is a favorable prognostic factor (11, 13) . In these studies, only patients with estrogen receptor positive tumors were included.
In this paper we have investigated the prognostic value of Akt1 and Akt2 for stage II patients from a randomized study including both patients with estrogen receptor-negative (ER-) and estrogen receptorpositive (ER+) tumors, where only half of the patients with ER+ tumors received hormonal treatment.
The aim was to compare the influence of the Akt isoforms in tumors with different hormonal status.
We have also examined how the prognostic value of Akt1 and Akt2 changes over time.
Materials and Methods

Patients
Between November 1976 and April 1990 both premenopausal and postmenopausal patients were randomized in a trial with the aim to compare postoperative radiotherapy with adjuvant chemotherapy.
Only patients with tumor size ≥ 30 mm and/or lymph node metastases were included. The postmenopausal patients were further randomized using a 2x2 factorial study design to one of four groups: adjuvant CMF (Cyclophosphamide Methotrexate Fluorouracil) chemotherapy, adjuvant chemotherapy plus tamoxifen, postoperative radiotherapy or postoperative radiotherapy plus tamoxifen. The data material was previously described (14) . In this study we have used data from a subset of the postmenopausal patients consisting of 272 patients with median age 59 years (range: 45 -71) for whom data on Akt1, Akt2 and pAkt was available from a previous study (10) . The period of follow-up has now been extended.
Immunohistochemistry
The expression of Akt1, Akt2 and pAkt was analyzed by immunohistochemistry as previously reported (10) . Goat polyclonal antibodies against Akt1 and Akt2 (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), and a sheep polyclonal antibody against the phosphorylated serine residue in position 473 of human Akt1 (Upstata Biotechnology, Lake Placid, NY, USA) were used for immunostaining.
The isoforms had different staining patterns. In the immunopositive tumors, Akt1 was frequently expressed in a high percentage of cells, whereas the staining of Akt2 was mostly sparse. Patients whose tumors showed staining of at least 1% of the cells were defined as Akt1+ and Akt2+, respectively.
Estrogen receptor determination was performed using ER cytosol assays at the time of primary diagnosis (14) . Tumors with receptor content of at least 0.1 fmol/µg DNA were classified as ER+ as in the previous study (10) .
HER2 protein expression was quantified with an immunocytochemical method using flow cytometry (10) .
Mutations of the PIK3CA gene were detected by a single-stranded conformational analysis followed by sequencing (15) .
Statistical methods
To compare the association between Akt and clinical parameters, the Pearson chi-squared test was applied.
Time for follow-up was defined as the time from diagnosis until the first event of distant recurrence, death or last observation (December 31, 2006) . Median follow-up time for all patients was 9.1 years (range 0.04 to 28.5 years) and for distant recurrence-free patients 18.9 years.
The distant recurrence-free survival was estimated using the Kaplan-Meier method. The end-point was defined as the first distant recurrence from the patient's primary breast cancer as described in (14) .
Nine patients' cause of death was breast cancer, but no date of distant recurrence was registered. For these patients the date of death was used as event of distant recurrence. Hazard ratios and 95% confidence intervals were estimated using the Cox's proportional hazards model. The proportional hazards assumption was verified applying Schoenfeld residuals. Interactions between clinically important tumor parameters and Akt1 and Akt2, respectively, were examined using the likelihood ratio test. A p-value of <0.05 was considered to be statistically significant. The statistical analyses were performed using STATA/SE 10.0.
Our study was reported according to the Reporting Recommendations for Tumor Marker Prognostic Studies (REMARK) criteria (16) .
Results
Expression of Akt was found in 121 tumors. Eighty tumors (29%) were Akt1+ and 81 tumors (30%) Akt2+ (Table 1) . Among tumors which expressed Akt2 there was a higher percentage of ERnegativity (38%) compared to those with no Akt2 expression, where 26% of the tumors were ER-(p= 0.040). There was no statistically significant correlation between Akt2 and other clinical factors investigated. Akt1 had a significant positive correlation with PIK3CA mutation (p= 0.036).
Univariate analysis of distant recurrence-free survival
The risk of distant recurrence was reduced for patients with tumors expressing Akt2 compared to patients with no Akt2 expression (HR = 0.66, 95% CI 0.45 -0.97, p= 0.033). Stratifying on estrogenreceptor status showed that the risk reduction was seen for patients with ER+ tumors (HR= 0.49, 95% CI 0.29 -0.82, p= 0.007) (Fig. 1a) , whereas there was no difference for those with ER-tumors (HR=1.00, 95% CI 0.53 -1.87, p= 1.00) (Fig. 1b) . The difference in effect of Akt2 in ER+ and ERtumors showed a tendency to statistical significance (p= 0.11).
The ER+ tumors were further divided into two groups with intermediate levels of ER (between 0.1 and 1.0 fmol/µg DNA) and high levels (≥1.0 fmol/µg DNA). The prognostic value of Akt2 was more pronounced for patients with tumors expressing high levels of ER. The relative risk in this subgroup was 0.32 (95% CI 0.14 -0.77, p= 0.010) for Akt2+ compared with Akt2- (Fig 2a) . For patients with intermediate ER-expression the relative risk for Akt2+ versus Akt2-was not statistically significant, HR= 0.67 (95% CI 0.35 -1.27, p= 0.22) (Fig. 2b) . A test for trend showed that the prognostic significance of Akt2 increased with higher estrogen receptor expression (P for trend= 0.042).
The better prognosis for patients with ER+ tumors and expression of Akt2 was more pronounced in the combination of Akt2+ and activated Akt (pAkt+) (HR= 0.31, 95% CI 0.13 -0.73, p= 0.007) (Fig.   3a) . The distant recurrence-free survival after 20 years was 76% (95% CI 0.51 -0.90) for patients with Akt2+/pAkt+ tumors compared to 42% (95% CI 0.33 -0.49) for patients with other combinations of Akt2 and pAkt. There was no statistically significant association of Akt2 with distant recurrence-free survival if the tumor was pAkt-(HR= 0.71, 95% CI 0.37 -1.37, p= 0.30) (Fig. 3b) . A test for interaction between ER status and the combined Akt2/pAkt status showed statistical significance (p= 0.015) with respect to prognosis.
For patients with Akt1+ tumors we could not show prolonged or shortened distant recurrence-free survival compared with patients with Akt1-tumors, irrespective of ER status (ER-tumors, HR= 0.98 ( 95% CI 0.50 -1.91, p= 0.95); ER+ tumors, HR= 0.89 (95% CI 0.58 -1.38, p= 0.61)).
In the subgroup of Akt1-tumors, the prognostic significance of Akt2 was increased. Patients with Akt2+ tumors had 52% risk reduction for distant recurrence compared to patients with no Akt2 expression (HR= 0.48, 95% CI 0.27 -0.85, p= 0.012) and for patients with ER+ tumors and absent Akt1 the risk reduction was 64% (HR= 0.36, 95% CI 0.16 -0.79, p= 0.011) (Fig. 4a) . For the other subgroup of patients having ER+ tumors expressing Akt1, the corresponding hazard ratio was not statistically significant (HR= 0.69, 95% CI 0.33 -1.47, p= 0.34) (Fig. 4b ). There was a tendency of interaction between Akt1 and Akt2 (p= 0.094).
For patients with ER+ tumors receiving tamoxifen, the distant recurrence risk reduction for Akt2+ versus Akt2-was 60% (HR= 0.40, 95% CI 0.12 -1.37, p= 0.15) during the first five years after diagnosis, whereas it was 66% (HR= 0.34, 95% CI 0.12 -0.98, p= 0.045) for patients with ER+ tumors receiving no hormonal treatment. The difference in hazard ratio was not statistically significant.
Multivariate analysis of distant recurrence-free survival
In multivariate analysis, when adjusting for important clinical tumor parameters and treatment, Akt2 was an independent prognostic factor (HR= 0.60, 95% CI 0.39 -0.93, p= 0.022). In the period following five years since diagnosis, the prognostic value of Akt2 was still evident (HR = 0.42, 95% CI 0.20 -0.90, p= 0.026). No statistically significant association with prognosis was found for Akt1 or pAkt. The only factors that had a long-term effect on distant recurrence were Akt2 and presence of more than three lymph node metastases at the time of diagnosis. Mutation of the PIK3CA gene had no influence on the prognostic significance of Akt2.
When applying a multivariate analysis with the same factors, but only for ER+ tumors, the prognostic value of Akt2 increased ( Table 2) 
Discussion
Since breast cancer therapy continuously improves, and over 74% of the patients are still alive ten years after diagnosis (17) , it is important to identify factors to distinguish between good and poor prognosis even several years after diagnosis. Besides conventional prognostic factors, such as age and tumor size, several biomarkers are claimed to provide prognostic information, but many of them need further follow-up to confirm long-term effects (18) . We have shown that, for patients with ER+ tumors, Akt2 is an independent prognostic factor for distant recurrence-free survival. In contrast to many well-known prognostic factors, the effect of Akt2 remained several years after diagnosis.
For patients with ER-tumors there was no statistical difference in recurrence-free survival in relation to Akt2, whereas for the ER+ group the prognostic value of Akt2 increased with higher levels of estrogen receptor expression. This shows that the estrogen receptor levels are important for the effect of Akt2 expression. Since recurrences occurring several years after diagnosis are more associated with ER+ tumors, a possible explanation for the fact that the effect of Akt2 is limited to this group of patients could be that Akt2 by some means attenuates estrogen signaling and thereby inhibits recurrence. One such pathway could involve the Forkhead box transcription factor 3a (FoxO3a). Akt inactivates FoxO3a which in turn influences ER expression. Morelli et al. showed that, among the Akt isoforms, only Akt2 seems to have a key role in the regulation of ER expression (19) . Although the authors conclude that Akt2 induces ER expression by inhibiting FoxO3a, other studies have shown the reverse. Guo et al. suggested that activated Akt reduces ER expression by inactivation of FoxO3a (20) and in the present study Akt2 negatively correlated to ER.
Van Agthoven et al. showed that lymph node negative patients with ER+ tumors containing high EGFR and low Akt2 mRNA expression had a worse prognosis compared to the other groups (13) . It has also been shown that overall survival was improved for tamoxifen treated patients with high Akt2 expression, and that patients who had a recurrence more often had a low Akt2 expression (11) .
Recently, Spears et al. considered the impact of isoform-specific Akt1 and Akt2 expression (9) . The authors concluded that expression of high pAkt1 alone is associated with poorer outcome, whereas pAkt2 may act protective in cases where both isoforms are activated. To our knowledge, we have for the first time described the prognostic significance of Akt2 in a cohort with stage II patients containing both ER+ and ER-tumors in a randomized study with long follow-up.
Half of the patients with ER+ tumors had not received any hormonal treatment, making it possible to investigate a more pure prognostic value of Akt2 expression. The relative risk for distant recurrencefree survival between Akt2+ and Akt2-was 66% during the first five years after diagnosis for patients with ER+ tumors receiving no hormonal therapy. For patients who were treated with tamoxifen and had ER+ tumors the relative risk was similar but not statistically significant, suggesting that Akt2 is a prognostic rather than a treatment predictive factor. A limitation is that the cohort contains only postmenopausal stage II patients. However, as data suggests that the treatment does not influence the prognostic significance of Akt2, we believe that Akt2 will have the same impact in stage I breast cancer, which is the majority of the breast cancer patients. This is also supported by the multivariate analysis where the significance for Akt2 remained when adjusting for tumor size and nodal status.
In our cohort, Akt1 was frequently expressed in a high percentage of cells, whereas the staining of Akt2 was mostly sparse. The cut-off for positivity was set to 1%. It is hard to point out the consequences of the choice of cut-point. In the study by Kirkegaard et al., the cut-off was set to the median protein expression in the cytoplasm (11) . The expression was evaluated using a semiquantitative weighted histoscore method. The authors found that the median of Akt2 expression was higher than for Akt1. This highlights that the distribution of Akt1 and Akt2 may differ due to different technical methods. However, independently of the method used, both studies conclude that high Akt2 expression has a favorable prognostic value. In the future, it could be valuable to determine an optimal cut-point, but it requires data from large cohorts, where different methods are compared.
The antibody used for immunostaining of pAkt is likely not specific for any of the isoforms and might react with activated forms of both Akt1 and Akt2. The effect of Akt2 in distant recurrence-free survival was stronger among pAkt+ and weaker among Akt1+ tumors, so it is probable that the more pronounced effect among Akt2+/pAkt+ tumors is due to activated Akt2.
Although the Akt isoforms are similar in protein structure and several functions, we could show prognostic significance of Akt2 but not for Akt1. This could be due to lack of statistical power, but the result is supported by other studies. The prognostic significance of Akt1 has been examined among premenopausal patients with receptor positive tumors, but in contrast to pAkt, no association with distant recurrence-free survival was found (21) . Our understanding of the distinct roles of Akt isoforms in tumor development is still limited, but several studies report isoform-specific functions of Akt kinases. The role of Akt2 is suggested to be more important than the other isoforms regarding cell cycle progression, cell proliferation (22) and metabolism (23) . The molecular mechanisms that lead to the different functions of Akt isoforms are unclear. It has been suggested that the specific functions of Akt1 and Akt2 are regulated through distinct subcellular localization (4) . Akt2 has been shown to be primarily expressed in the stroma of the mammary gland (2). The authors suggested that Akt2 may influence the expression of stroma-derived molecules that regulate the growth of the mammary epithelium and that ablation of Akt2 may accelerate tumor induction and enhance tumor growth.
Other possible explanations for the different mechanisms of Akt1 and Akt2 could be due to interaction with different proteins. Although both isoforms phosphorylate Plenty of SH3 domains (POSH) which induces apoptotic cell death, only Akt2 interacts directly with POSH (24, 25) .
Akt1 and Akt2 have also been shown to have opposing roles regarding activation of p21-activated kinase 1 (Pak1). While Akt1 is a weak activator of Pak1, Akt2 is a strong inhibitor (26) . Since high expression of Pak1 is associated with decreased recurrence-free survival (27) and disease progression (28) , this could be one explanation why Akt2 is associated with prolonged distant recurrence-free survival in breast cancer.
Phosphorylated Akt has been shown to correlate with poor survival and several clinical trials are concerned with inhibiting the PI3K/Akt /mTOR pathway (29) (30) (31) (32) . In this work we have shown that reported that deletion of Akt2 in both mice and humans can provoke insulin resistance (33, 34) .
Furthermore, isoform-specific, rather than complete inhibition of all isoforms, could lead to reduced toxicity to the patients.
Conclusion
Our results indicate that Akt2 expression is associated with a lower distant recurrence rate for patients with ER+ tumors and that this association remains long-term. In this cohort we could not show statistical significance of Akt1 expression, but the results suggest that the positive influence of Akt2 is more pronounced in combination with Akt1-status or pAkt+ status. The prognostic significance of 
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